Structures, frequencies and energies, ideal gas thermodynamic properties and values, have been calculated for cyclopentadiene, cyclopentadienols, and a number of radicals derived from them. The necessary molecular information for these calculations was found by ab-initio molecular orbital calculations. The geometries, vibrational frequencies and moments of inertia of 8 speeies are reported. In order to estimate the accuracy of the computations the molecular parameters were compared with known values reported in the literature whenever those were available.
Introduction
Detailed investigations of the chemical kinetics of combusliun pruce:sse:s uf fue:ls have: lalc:ly fucusc:u altc:nliull on fuel molecules other than normal chain hydrocarbons. Thus, the combustion properties and kinetics of benzene and toluene have been investigated [1, 2] . Detailed kinetic schemes for the combustion of a species, necessitate the knowledge not only of its thermodynamic properties but also those of all the radicals that are formed during the chaotic combustion process. Among those radicals many are simple derivatives of the parent molecule; thus, for benzene, the most abundant are the phenyl and phenoxy radicals. While the thermodynamic properties of most ©1991 by the U.S. Secretary of Commerce on behalf of the United States. This copyright is assigned to the American Institute of Physics and the American Chemical Society. Reprints available from ACS; see Reprints List at back of issue. 0047., >:'t;~9/91 /040~~5-19/$06~00 3. Enthalpies of formation (kJ/mol) of the investigated molecules 3 (1) (2) (3) (4) (5) (6) (7) (8) (9) stable organic species can be calculated from available spectroscopic data, the absence of the latter makes it impossible to do so for complex organic radicals.
Mc:thuus fur c:stimating the unavailable spectroscopic 'data of radicals, and thus calculating approximate thermodynamic values, have been reviewed [3] , and were applied in a small number of cases [4, 5] . While estimated spectroscopic data provide a fair approximation, a better approach to computing thermodynamic values is to employ ab-initio molecular orbital calculations which yield more consistent information on the spectroscopic constants. Analysis of recent experiments in combustion kinetics of cyc10pentene [6] , requires knowledge of the thermodynamic parameters of cyclopentadienyl radicals. Therefore we have undertaken to calculate molecular parameters for some unknown cyclopentadienyl radicals using ab-initio methods. In order to evaluate the accuracy of the calculations, the molecular properties of a few stable molecules were calculated as we)] by the same ab-initio methods and compared with experimental results.
Methods of Calculation
The molecules and radicals investigated are: cyclopentadiene (1) ; 2,4-cyclopentadiene-l-ol (2) ; 1,3-cyclopentadiene-l-ol (3) ; and, 1,4-cyclopentadiene-l-ol (4) ; cyclopentadienyl radical (5) ; l-hydroxy-2,4-cyclopentadiene-l-yl radical (6) ; 1-oxy-2,4-cyclopentadiene radical (7) ; 1-oxy-l,3-cyclopentadiene radical (8) and 1-oxy-l,4-cyclopentadiene radical (9) . For comparison purposes thermodynamic properties and vibrational frequencies were calculated also for the following species: CH 3 ·, CR., Ab-initio Calculations:
The total molecular energies~ vibrational frequencies and moments of inertia were calculated by standard abinitio SCF-MO methods using Gaussian 82 series of programs [7] . The molecular geometries were optimized by gradient minimization techniques for geometry optimiza- 
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The vibrational frequencies, vibrational energies at 298 K, zero point energies and moments of inertia have also been calculated with this basis set. Single point energy calculations at the best available geometries were carried out also with the polarized 6-31G* basis set [9a] . The enthalpies of formation were evaluated from the reaction energies of the isodesmic reactions presented below (eq. 1-15). An isodesmic process [10] is a reaction in which the number of electron pairs and formal chemical bond types are being conserved during the reaction; i.e., only the environment in which these bonds are located is changed. It is then assumed that many errors inherent in the heat of formation of an individual reactant or product cancel out. 
List of Isodesmic Reactions
The total energy dE was calculated by ab-initio methods for each reactant and product participating in the isodeslllic. £cdctions.
Knowing dE for the individual reactants and products, the reaction energy can be evaluated. dE, = };dE(products) -};dE (reactants) MI, = };ArH(products) -};t:..rH (reactants)
Since only one value in each reaction ha~ an unknown experimental heat of formation it can be easily deduced from the calculated reaction energy and the known experimental heats of formation of the other species. Also, since we are comparing experimental values and calculated ones the fact that thermochemical experiments are performed under different conditions from those as-sumed· by ab-initio calculations must be taken into account. Theoretical energies are calculated by ab-initio methods for isolated molecules at U K WIth statIOnary nuclei, while thermochemical measurements are carried out with vibrating molecules at higher temperatures (usually 298 K). A comparison of theoretical and experimental re-CyclopentadienyJ radical is a Jahn-Teller species and can not have a DSh symmetry [27, 28] and therefore distorts to C2y symetry_
The structure of species 6 is very similar to that of species 5 though a hydroxy group is attached to C(1). The C(1)-O bond is much shorter than the corresponding one in its precusor 2 due to resonance effects described above and is similar to a C-o bond of an hydroxy group suits re.quire.s the.re.fore ('.orrection~ for zero point e.ner~ gies and changes in enthalpies with temperature. These corrections were performed using the following eauations [11, 12] . and Hvob(T) are evaluated using the frequencies calculated by the Gaussian program with the 3-21 G basis set_ Those frequencies are known to be higher than the experimental values by 10% on the average [13, 14] and were therefore multiplied by a factor of 0.89 which gave the best agreement with literature values.
In Table 1 calculated vibrational frequencies for test species are listed and compared with available experimental values. The percent deviation is shown as well. Table 2 compares thermodynamic values calculated using ab-initio and experimental vibrational frequencies.
The agreement between the two sets of values is good with deviations of ±1-4%.
The calculated heats of formation at the 3-21G and 6-31G* levels of theory are listed in Table 3 . The estimated error in the reported values is ± 4 kJ/mo\.
Calculations of Thermodynamic Properties:
The thermodynamic calculations were performed using the NASA code PAC90 [15] . The Rigid Rotor Harmonic Oscillator (RRHO) method was used. The data used by the progn:ull were Jllo1cculal flCqucudt;:.;s IIlUluent:s uf ill~ ertia and enthalpies of formation calculated as described before and internal rotation barrier energies and internal molecular moments of inertia taken from molecules of similar structure 2-propanol and phenol (see Table 4 ). The P AC90 version of the thermodynamic program [15J includes the ability to calculate internal rotation barrier contributions. This routine was developed by Lanne et aI., [Hi] ancl i. indnclecl in the program The tp.mperature range (0-5000 K) the pressure of one bar and the number of significant figures in the values reported in Table 5 conform to the JANAF [17] and NASA convention [15] which is similar to the Soviel Academy of Science convention [18, 19] . The RRHO approximation is used as part of the convention for lack of detailed unharmonicity information.
The fundamental constants used in the PAC90 program were published by Cohen and Taylor [20] and the atomic weights were those of the IUP AC Commission of 1987 [21] . The reference elements used in our calculation were graphite taken from TRC 1983 [22] H2 taken from J. Phys. Chem. Ref. Data, Vol. 20, No_ 4, 1991 ~ny small vari~ti~~ i~-th~-V;;i~~~ ~f~h~fr~q~~~~i~~-~-~~: eraged out. This can be seen from the values of the zero point energies in Table 6 which are practically identical with deviations from the mean of a small fraction of a percent. On the other hand, t:..cIl¥ varies significantly. The nature of the bonds dictates the thermochemistry which dictates the values of t;,Hf'_ 
